Artemisia umbelliformis is a herbaceous perennial alpine plant growing in the central and western part of the European Alpine system (Sierra Nevada, Cantabrian Mountains, Pyrenees, Alps and Apennines). We aimed to unravel the large-scale phylogeographic structure within its entire distribution. To this end, we collected AFLP and plastid DNA sequence data for 19 populations covering the entire distributional range of the species. Populations were strongly reciprocally differentiated with 93% of the overall genetic variation partitioned among populations. Bayesian clustering approaches identified two groups, the Alpine group spanning the Alps, the Apennines and the Sierra Nevada, and the North Iberian group including populations from the Pyrenees and the Cantabrian Mountains. The three plastid haplotypes discovered fell into two strongly divergent clades, termed Iberian and Alpine lineages. At the range-wide scale, our results suggest that an early vicariance or, alternatively, an old dispersal event shaped the strong phylogeographic split between Iberian and Alpine populations. Genetic drift caused by highly restricted gene flow between the populations has likely resulted in reduced genetic variability and strong divergence between populations. The Alps, the central Pyrenees, the Cantabrian Mountains and the northern Apennines probably acted as glacial refugia for A. umbelliformis. By contrast, the single population occurring in the Sierra Nevada appears to originate from a fairly recent long-distance dispersal event from the southern middle Alps. Altogether, our study shows that the phylogeographic history of A. umbelliformis is complex and has been shaped by processes acting at different time horizons.
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INTRODUCTION
Climatic oscillations during the Pleistocene led to massive range shifts and shaped the genetic structure and diversity of biota (Comes & Kadereit, 2003) . Phylogeographic studies on temperate plant (Petit et al., 2003; Hewitt, 2004; Médail & Diadema, 2009 ) and animal (Bilton et al., 1998; Hänfling et al., 2002; Skog et al., 2009) species in Europe confirmed the importance of the Iberian Peninsula, along with the other southern European peninsulas, as phylogeographic hotspot areas (Médail & Diadema, 2009; Nieto Feliner, 2011) for the conservation of genetic and taxonomic diversity. Furthermore, phylogeographic studies have identified the southern European peninsulas not only as important and complex refugial areas (Weiss & Ferrand, 2007) , but also as a source for the colonisation of northern latitudes post Pleistocene (Taberlet et al., 1998; Hewitt, 2004 ). This situation is presumably substantially different for cold-adapted biota, which survived the glacial stages within mountain ranges on nunataks and/or in peripheral refugia (Schönswetter et al., 2005) or, alternatively, at higher latitudes (Skrede et al., 2006) . These species probably extended their distribution ranges during cold periods and became isolated at high altitudes and/or latitudes during warm interglacial periods (Vargas, 2003) . In contrast to temperate species, alpine plants have equally likely survived in refugia in the southern European peninsulas (Surina, Schönswetter & Schneeweiss, 2011; Sanz et al., 2014) as further north, e.g., in the European Alps or the Carpathians (Schönswetter et al., 2005; Ronikier, Cieślak & Korbecka, 2008) .
In contrast to the rapidly accumulating literature exploring the phylogeographical patterns of mountain plants disjunctly distributed, e.g., within the European Alps (reviewed in Schönswetter et al., 2005) , or across the Alps and Carpathians (Mráz et al., 2007; Paun et al., (Hernández-Bermejo, Contreras & Clemente, 1999) . In the Sierra Nevada, a hybrid between A. granatensis and A. umbelliformis (A. ×fragosoana Font Quer) has been described (Martínez Lirola et al., 2000) . Artemisia umbelliformis is hypotetraploid (2n = 4x = 34) throughout its entire distribution area (Oliva & Vallès, 1994; Mas de Xaxars et al., 2016) and belongs to the alpine dysploid-polyploid informal Leucophorae group (Gutermann, 1979; Ehrendorfer, 1980) .
The main aim of the present study is to shed light on the biogeographic connections that exist between the south-western and central European mountain ranges by unravelling the phylogeographic history of A. umbelliformis. Firstly, we explored the large-scale phylogeographic structure covering the entire distribution area of the species. Secondly, we aimed to elucidate the origin of the disjunct populations occurring in the Cantabrian Mountains, the Sierra Nevada and the northern Apennines. To this end, we have generated amplified fragment length polymorphisms (AFLPs) and sequences of plastid DNA, which have proven to be reliable marker systems in phylogeographic studies (Ehrich et al., 2007; Dixon et al., 2009; Schneeweiss & Schönswetter, 2010; Kutnjak et al., 2014) .
MATERIALS AND METHODS

SAMPLING
Nineteen populations of A. umbelliformis were sampled in 2004 and 2005, covering its entire distribution range ( Fig. 1; Table 1 ). As the species grows in patchy habitats, the circumscription of populations was straightforward. If possible, leaf material of five to ten plants per population was collected (average 7.5 individuals per population). Voucher specimens were deposited at the herbaria BC, BCN, W or WU (Table 1) .
DNA EXTRACTION, AFLP FINGERPRINTING AND PLASTID DNA SEQUENCING
Total genomic DNA was extracted from silica gel-dried leaf material using the 2× CTAB method (Doyle & Dickson, 1987) . The AFLP procedure followed Gaudeul, Taberlet & TillBottraud (2000) , but reaction volumes in the PCRs were halved. The following three selective primer combinations were selected (fluorescent dye in brackets): EcoRI ACA (6-FAM)-MseI CAC;
EcoRI ACC (NED)-MseI CAG; EcoRI AGG (VIC)-MseI CTG. Purification and visualization of PCR products were performed as described by Sanz et al. (2014) . The data were exported as a presence/absence matrix. Duplicated individuals were used to test the reproducibility of the markers and to calculate an error rate (Bonin et al., 2004) . Non-reproducible markers and markers with a frequency lower than the error rate were removed.
Four or five individuals per population were screened for plastid DNA sequence variation.
Out of six tested regions, the three most polymorphic ones were selected. They were amplified and sequenced using the following primers: SP43122F and SP44097R (Hershkovitz, 2006) for the intergenic spacer ycf3-trnS, 3'-trnG UUC and 5'-trnG2G (Shaw et al., 2005) for the trnG intron and rpl16Fc and RexC (Sanz et al., 2014) for the rpl16 intron. The PCR reactions were performed following Sanz et al. (2014) . PCR products were purified with Qiaquick PCR purification kit (Qiagen Inc., Valencia, CA, USA) or DNA Clean and Concentrator-5 (Zymo Research, Orange, CA, USA). Direct sequencing of the amplified DNA segments was performed using BigDye
Terminator cycle sequencing v.3.1 chemistry (Applied Biosystems) following the manufacturer's protocol, and electrophoresis was performed on an ABI PRISM 3100 DNA analyzer (Applied Biosystems).
ANALYSIS OF AFLP DATA
Allele frequencies were estimated using a Bayesian approach (Zhivotovsky, 1999) (Earl & vonHoldt, 2012) . To summarize the results of different runs, we used the program CLUMPP v.1.1.2b (Jakobsson & Rosenberg, 2007) using the fullsearch algorithm. The relative cluster membership coefficients of all individuals were then averaged for each population.
A continuous phylogeographic analysis using relaxed random walks (Lemey et al., 2010) was performed on the AFLP dataset using BEAST v.1.8.2 (Drummond et al., 2012) to infer the pattern of range expansion of A. umbelliformis. We used a simple substitution model with estimated base frequencies for phylogeny inference. A strict clock was applied and a Bayesian skyline coalescent prior with a piecewise-linear model was used to model population growth (Drummond et al., 2005) .
The diffusion process was modelled by a lognormal relaxed random walk process with a lognormal distribution centered on 1. We specified a prior exponential distribution on the standard deviation of the lognormal distribution with a mean of 5. We added random jitter with a window size of 1.0 to the tips as several individuals were sampled from the same location. MCMC chains were run for 100 million generations sampling every 10,000 generations. TRACER v.1.6.0 (Rambaut et al., 2014) was used to evaluate the parameter convergence and TREEANNOTATOR v.1.8.2 (part of the BEAST package) was used to summarize the posterior sample of trees and to create maximum clade credibility (MCC) tree after removing the first 25% as burn-in and visualized with FIGTREE v.1.3.1 (Rambaut, 2014) . This MCC tree was used as input for the program SPREAD v 1.0.7 (Bielejec et al., 2011) to generate a keyhole markup language (KML) file containing the reconstructed range extensions, which was further processed in ArcGIS v.10.2.2.
PLASTID DNA ANALYSIS
Plastid DNA sequences were manually aligned using BIOEDIT v.5.0.9 (Hall, 1999) . A statistical parsimony network was constructed using TCS v.1.21 (Clement, Posada & Crandall, 2000) . Indels longer than 1 bp were re-coded as single base pairs and single base pair gaps were then treated as a fifth character state in the analyses. Artemisia absinthium L. was used as outgroup based on previous phylogenetic studies (Sanz et al., 2008; Mas de Xaxars et al., 2016) .
RESULTS
AFLPS
The three primer combinations generated 212 AFLP fragments (231 including and PLP= 7.8% in population A6 (Table 1) . We observed the lowest genetic diversity close to the species' distribution margins (populations SN, CM and AP; Fig. 1A , B; Table 1 ).
The geographically isolated populations AP from the Apennines and CM from the Cantabrian Mountains, as well as the central Pyrenean population P3, harbour the greatest number of private fixed fragments (Table 1) . This is not true for the Sierra Nevada population SN, which shares all markers with the Alpine populations.
In the NJ analysis using A. eriantha as outgroup ( Non-hierarchical AMOVA attributed 93% of the overall genetic variation to the amongpopulation component (Table 2 ). In nested AMOVAs, variation between the Alps group and the North Iberian group account for 56% of the overall variation.
The continuous phylogeographic analysis using relaxed random walks estimated the earliest diversification of A. umbelliformis to have occurred between the Western Alps and the Pyrenees (Fig. 3A) followed by an eastward range extension to the Eastern Alps and a westward range extension along the Northern Iberian Peninsula (Fig. 3B, C) . Finally, the species dispersed to the Cantabrian Mountains from the Pyrenees, and to the Apennines and the Sierra Nevada from the Alps (Fig. 3C, D) .
PLASTID DNA
Four variable characters each were found in the 684 bp long intergenic spacer ycf3-trnS, the intergenic spacer trnG (603 bp) and the rpl16 intron (490 bp), resulting in a total of 12 variable positions in 1761 bp (0.68% variability). DNA sequences of each haplotype per population were submitted to GenBank (see Table S1 ). Combining the three sequences by simple concatenation, assuming the plastid genome to form a single linkage group, gave a total of three haplotypes in the 91 individuals analyzed, with no intra-populational variation ( Fig. 4 ; Table 1 ).
The statistical parsimony network allowed recognition of two distinct haplotype lineages (Fig. 4A) 
DISCUSSION TWO MAJOR GENETIC GROUPS
At the range-wide scale, both AFLP data and plastid DNA sequences show a strong genetic split between most of the Iberian populations on the one hand, and the Alpine populations on the other (Figs. 1-4; Table 2 ). The depth of the phylogeographic split between the STRUCTURE groups at K=2, as indicated by hierarchical AMOVA (56% of the total variation; Table 2 ), suggests long-lasting separation and divergent evolution, implying that early vicariance or, alternatively, an old dispersal event (Fig. 3A) has played a major role in shaping the phylogeographic pattern of the high mountain plant A. umbelliformis. The genetic divergence was not accompanied by morphological differentiation (M. Sanz, unpubl. data), preventing taxonomic recognition of the two entities. In other previously investigated alpine species different phylogeographic pattern emerged. In some species a shallow split between the Iberian Peninsula and the Alps was found (Vargas, 2003; Kropf et al., 2006; Lihová et al., 2009) , whereas in other species the Pyrenean populations were nested among populations from the southwestern Alps (Schönswetter, Tribsch & Niklfeld, 2003; Albach, Schönswetter & Tribsch, 2006; Kropf et al., 2006; Sanz et al., 2014) .
Highly restricted gene flow among the often disjunct populations of A. umbelliformis, enforced by usually small population sizes, has likely led to strong genetic drift. This is illustrated by the AFLP data (Figs. 1, 2; Table 2 ), which revealed strong reciprocal differentiation among the investigated populations, suggesting that they function as independent evolutionarily significant units (Moritz, 1994) . The among-population component in a non-hierarchical AMOVA amounted to 93% of the overall genetic variation, which is to the best of our knowledge greater than in any other previously investigated alpine plant from the south-western European mountain ranges, including other alpine species of Artemisia (Sanz et al., 2014) .
The genetic pattern found in A. umbelliformis agrees well with the hypothesis of glacial survival on nunataks, which one would expect to result in strong genetic separation of metapopulations . However, a more comprehensive sampling, especially in the Alps, would be necessary to test this hypothesis rigorously. Furthermore, the strong differentiation found among populations suggests a limited ability for dispersal and restricted potential for range expansions under Holocene climatic conditions (Schneeweiss & Schönswetter, 2010; Meirmans, Goudet & Gaggiotti, 2011; Westergaard et al., 2011) . Complex topography, climatic fluctuations and habitat fragmentation could explain the limited ability for range expansion, the restricted size of populations (M. Sanz, pers. obs.) and the low genetic variability found in A. umbelliformis (Table 1) .
IBERIAN POPULATIONS: LONG-TERM SURVIVAL AND RECENT LONG DISTANCE DISPERSAL?
Our AFLP data suggest that genetic structuring among Iberian populations of A.
umbelliformis is very pronounced. They fall into four strongly divergent main lineages (populations CM; P1, P2, P4-P6; P3; SN: Figs. 1C, 2B); variance between them amounts to 96% of the overall variation, a value three times higher than that calculated for the differentiation between populations from the Western and Eastern Alps (Table 2) . By contrast, the slowly mutating maternally inherited plastid sequences mainly revealed a common haplotype in the Iberian populations, with the exception of the central Pyrenees (Fig. 4) . Strong AFLP-derived phylogeographical structure within the Iberian Peninsula, which acted as one of the most important refugia for European biota, fits the expectations of the refugia-within-refugia hypothesis (Gómez & Lund, 2007; Nieto Feliner, 2011) .
Populations of A. umbelliformis from the central Pyrenees and the Cantabrian Mountains
were strongly divergent in the NJ analysis (Fig. 1C) and harboured the greatest number of fixed private fragments (Table 1 ). In addition, the Central Pyrenees were reached early in the species' range extension (Fig. 3) . This all underlines the important role of the Cantabrian range and the Pyrenees as glacial refugia. In the same line, it has been proposed that the central Pyrenees, which are the highest and previously most strongly glaciated part of that mountain range (Calvet, 2004) , have acted as a refugium for the closely related A. eriantha (Sanz et al., 2014) . In Population SN from the Sierra Nevada, which does not harbour private AFLP fragments (Table 1) Whereas the AFLP data, which are mostly derived from the nuclear genome (Bussell, Waycott & Chappill, 2005) umbelliformis with A. granatensis, is unlikely given that plastid DNA sequences retrieved from the latter species were strongly divergent from haplotype III (R. Vilatersana, unpubl. data).
The strong reciprocal differentiation among populations at the range-wide scale (Table 2) suggests that A. umbelliformis has a limited dispersal ability, which is an apparent contrast to the hypothesis of a long distance dispersal to the Sierra Nevada from the Alps. Recent studies of plant migration, however, have provided accumulating evidence that occasional long-distance dispersal events occur more frequently than previously assumed, and that these significantly contribute to range expansions (Muñoz et al., 2004; Nathan, 2006; Ehrich et al., 2007; Skrede, Borgen & Brochmann, 2009 ). In total, our results suggest that the Iberian populations of A.
umbelliformis exemplify two alternative modes of origin, (1) early vicariance or, alternatively, old dispersal without subsequent gene flow among the northern Iberian groups, and (2) a more recent long-distance dispersal from the Alps to the Sierra Nevada (Fig. 3C) . The latter may have been facilitated by low diaspore weight (0.4 ± 0.07 mg) and presence of trichomes and mucilage in the achene coat (Kreitschitz, 2012) , which facilitates adherence to potential dispersal vectors such as birds.
PHYLOGEOGRAPHIC STRUCTURE WITHIN THE ALPS AND APENNINES
Genetic differentiation between Western and Eastern Alps was much less pronounced than within Iberia (Fig. 1C, Table 2 ), but is still sufficient to indicate the existence of two refugial areas in the Alps. East-west splits have previously been reported for other alpine plants (Schönswetter et al.,2003; Albach et al., 2006; Escobar García et al., 2012 ) and animals (Schmitt, 2009 ), which recolonized the Alps from major refugia at their southern and eastern margin (Schönswetter et al., 2005) .
The disjunct population AP, from the north-western Apennines harboured the greatest number of private fixed fragments in the entire Alps group (Table 1) . This population was, however, not over-average differentiated in the NJ analysis (Fig. 1C) , and, consequently, the phylogeographic analysis using relaxed random walks (Fig. 3 ) estimated that range extension to the Apennines took place relatively late in the species' spatiotemporal diversification.
CONSERVATION
The present study supports the "centre-periphery hypothesis" (Lawton, 1993; Vucetich & Waite, 2003) , as the lowest levels of genetic diversity were found in the geographically most isolated populations in the Apennines, the Sierra Nevada and the Cantabrian Mountains ( Fig. 1A,   B ; Table 1 ), where A. umbelliformis appears to be naturally rare. However, some other populations, mainly from the Western and Central Pyrenees (Figs. 1A, B , Table 1 ), also exhibit similarly low genetic diversity. This may render these populations susceptible to decline because of genetic drift potentially leading to gene loss, and inbreeding depression (Ellstrand & Elam, 1993 ).
Assuming that current gene flow among the four major AFLP groups is low, especially in the Iberian Peninsula, they can be treated as four management units (MUs; Moritz, 1994) . In order to reduce the risk of extinction owing to human activity (collection for "génépi" products; Vouillamoz et al., 2015) , herbivore pressure (Martínez Lirola et al., 2000) and reduction of alpine habitat due to the thermophilisation of Mediterranean mountains (Engler et al., 2011 ; Gottfried and Br (band richness after rarefaction at 5; B). C, Neighbour-joining tree, numbers above major branches are bootstrap values > 50%. Numbers at the tips of branches are population identifiers (for details see Table 1 ). 
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